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INTRODUCTION
Assessing species abundance is crucial for evalua-
tions of population dynamics, conservation status
and the development of management objectives
(Skalski et al. 2005). Evaluating the abundance and
reproduction of ice-breeding pinnipeds provides
challenges for population biologists because they are
often patchily distributed over large, remote areas,
and may be difficult to observe due to ice features
and weather conditions. Developing efficient and
reliable aerial survey methodologies for ice-breeding
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ABSTRACT: Assessing species abundance and reproductive output is crucial for evaluations of
population dynamics, conservation status and the development of management objectives. The
Caspian seal Pusa caspica is a key predator in the Caspian Sea ecosystem and is listed as Endan-
gered by the IUCN. Here we report on fixed-wing aerial strip transect surveys of the breeding
population on the Caspian Sea winter ice field carried out in February, 2005−2012. Potential
detection biases were estimated by applying a Petersen mark–recapture estimator to the counts
from double photographic observations. We also tested for effects of weather conditions on count
results, and for correlations between pup production and ice conditions and net primary produc-
tivity (npp). Fluctuations in pup production estimates were observed among years, ranging from
8200 pups (95% CI: 7130−9342) in 2010 to 34 000 (95% CI: 31 275−36 814) in 2005. Total adults on
the ice ranged from 14 500 in 2010 to 66 300 in 2012. We did not detect significant associations
between pup production and either ice summary data (ice season length and ice area) or npp. The
observed inter-year variation may be partly due to underlying biological drivers influencing the
fecundity of the population, although measurement errors arising from observation bias, plus vari-
ation in survey timing and weather conditions may also have contributed. Identifying the potential
drivers of Caspian seal population dynamics will require extending both the survey time series
and the quality of supporting data. However, inter-year fluctuations should still cause concern that
the population may be vulnerable to environmental variability and ecosystem dynamics.
KEY WORDS:  Caspian Sea · Kazakhstan · Russian Federation · Pinniped · Marine mammals ·
Abundance · Strip survey · Mark–recapture
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seals is important, as many species may act sentinels
for marine ecosystem responses to climate change
(Jüssi et al. 2008, Moore & Huntington 2008), while
others require monitoring because they are of con-
servation concern (Kokko et al. 1998) or are needed
to evaluate the impacts of human activities (Sund -
qvist et al. 2012).
The Caspian seal (Pusa caspica) population de -
clined during the 20th century by around 90%, from
an initial population size of >1 million. It is classified
as Endangered by the IUCN, and continues to be
affected by a number of threats, including human-
caused mortality and habitat loss (Härkönen 2008,
Härkönen et al. 2012, Dmitrieva et al. 2013). Reliable
estimates of abundance and reproduction are crucial
for monitoring the status of the species and facilitat-
ing discussions with regional stakeholders on mitiga-
tion, conservation and management issues.
Caspian seals breed on the winter ice-sheet of the
northern Caspian during late February and early
March. Aerial surveys counting the number of seal
pups born on the ice are the most practical way to
obtain accurate estimates of the population’s pup
production, as pups do not leave the ice to feed until
after weaning. Pup production estimates reflect pop-
ulation productivity, which is essential in under-
standing the dynamics and fecundity of the popula-
tion (Skalski et al. 2005).
Historically, Caspian seal population estimates
were mainly based on hunting records, until the
1970s (Dorofeev & Freyman 1928, Badamshin 1960,
1961, 1966, 1968, 1969, Rumjancev et al. 1975). The
first aerial survey was made in 1973 and then
repeated in 1976, 1980, 1986 and 1989 (Krylov 1990).
These early surveys suggested population sizes of ca.
300 000 to 400 000 individuals, al though the method-
ological basis of the estimates is not clear.
The first systematic aerial surveys of Caspian seals
were conducted in 2005 and 2006, and revealed a
decline in pup production of 21 000 and 17 000 pups
in 2005 and 2006, respectively, compared to the pre-
vious estimate of 46 800 breeding females made in
the late 1980s (Krylov 1990, Härkönen et al. 2008). A
recent hind-casting analysis based on hunting re -
cords suggested a total population size in 1989 of
only 128 000 seals with 30 000 reproductive females
(Härkönen et al. 2012).
Aerial visual and photographic strip transect sur-
veys have been successfully used for a range of ice
breeding seal species, e.g. harp seals (Potelov 2003,
Stenson et al. 2003, Salberg et al. 2008), hooded
seals (Bowen et al. 1987) and ringed seals (Krafft
et al. 2006, Härkönen et al. 2008). In the case of
Caspian seals, strip transect aerial survey was ap -
plied in favour of distance sampling, because the
species often forms large breeding colonies which
makes it impractical to both count all the animals
visually and make distance measurements at the
time of the survey.
In this paper we reassess previous survey results
from 2005 to 2006 using more accurate values for sur-
vey coverage and new results from the present study
for 2007 to 2012, to assess the demographic variation
and dynamics of the population. We evaluate poten-
tial detection biases by applying a Petersen mark–
recapture estimator to the counts from the double-
photographic observations used in the aerial survey
of 2012. A multiple-observer method based on mark–
recapture models is often used in aerial surveys with
line-transect distance-sampling (Quang & Becker
1997, Buckland et al. 2010) or strip transect sampling
(Marsh & Sinclair 1989, Pollock et al. 2006,) but the
application of this method to ice-breeding seals such
as Caspian seals is new. Quantification of the recap-
ture estimator allows a correction factor to be applied
to directly observed counts, thereby allowing for
‘missed’ observations. We also tested for effects of
weather conditions on count results, which could also
introduce bias to results, and for potential correla-
tions between annual pup production and indexes of
winter ice conditions and net primary productivity.
MATERIALS AND METHODS
Study design and instrumentation
Survey flights were carried out from 2005 to 2012
over 2 wk periods falling between 4 February and
2 March, when most pups were expected to have
been born (Table 1). Surveys covered the winter ice
sheet in the northern section of the Caspian Sea from
the airports in Atyrau (Kazakhstan) and Astrakhan
(Russian Federation) (Fig. 1). A L410 high-wing twin
turboprop aircraft was used in all survey years in
Kazakhstan, while an An-2 biplane and a Mi-8 heli-
copter were used in Russia in 2008 and 2010−2012, re-
spectively. Aerial surveys were not conducted in Rus-
sia in 2005−2006, as flying permits were not issued,
and in 2007 and 2009, due to the absence or lack of ice
suitable for seal pupping in Russian waters.
The survey method is described in Härkönen et al.
(2008). The aircraft was flown at a speed of 250 km h−1
at a constant altitude of 90 m, maintained by a radar
altimeter, along north−south transects spaced at inter-
vals of 0.1° longitude (6 longitudinal minutes [6’]),
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which corresponds to an inter-transect
spacing of approximately 8 km at the
study area latitude. The entire range
of the potential seal habitat in the ice
area was covered, with a target survey
fraction of 10 to 11% of the area. In
2007 and 2011 additional transects
were flown bisecting the 6’ inter-tran-
sect interval in the areas where high
densities of breeding seals were ob-
served, to improve the accuracy of the
estimate. The windows of the aircraft
were individually marked for every
observer using inclinometers, to limit
the sighting angles to 10.2° (500 m dis-
tance) and 42° (100 m distance) for
each side of the aircraft, which yielded
a 400 m wide strip on each side of the
aircraft when viewed at 90 m. The
200 m wide strip under the aircraft was
not surveyed. Only seals within the
marked strips were counted, giving a
total ob served strip width of 800 m.
Data recording
Four trained observers, 2 on each side of the air-
craft, made observations of pups, mother−pup pairs
and adults during the entire survey using dicta-
phones and marking positions with hand-held GPS
units. At least 1 observer on each side took digital,
GPS-stamped photographs (serial shooting mode;
minimum 8 megapixel sensor resolution, 70 to
200 mm zoom lens). Pups were defined as white-
coated pups. All animals older than white-coated
pups were classed as adults. As far as possible, sur-
vey flights were conducted during the peak pupping
period, so moulted pups should not be present in
large numbers. Visual observation notes to supple-
ment photographs were recorded by all the
observers into dictaphones time synchronized with
GPS units. Photographs were taken both of visible
seal groups/individuals and also potential seal habi-
tats, or indicators of seal presence (e.g. ice ridges,
polynias, seal tracks, breathing holes, birthing blood
marks, etc.) which were examined later for white-
coated pups.
For 2005 to 2011, the GPS-stamped photographs
were taken by one of the observers from each side of
the aircraft, while locations of visual observations
were registered manually on hand-held GPS units by
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Year Survey dates; All pups (CV); Mother−pup Lone Single Eagles
ice coverage (%) 95% CI pairs (CV) pups (CV) adults (CV) (CV)
2005 23−28 Feb; 10.18 25086 (4.15); 23046−27127 22750 (3.69) 2336 (15.83) 23776 (3.93) 3144 (13.61)
2006 21−25 Feb; 10.03 19437 (7.04); 16755−22119 15037 (9.78) 4400 (9.22) 12123 (8.64) 2073 (18.19)
2007 24−27 Feb; 12.14 7147 (6.27); 6269−8026 4298 (7.87) 2849 (8.79) 27245 (5.00) 680 (33.56)
2008 13 Feb−2 Mar; 13.88 6254 (5.14); 5624−6884 5115 (6.16) 1139 (12.83) 17514 (4.57) 1268 (12.93)
2009 4−20 Feb; 10.36 19501 (8.16); 16382−22619 14874 (7.37) 4627 (11.23) 33878 (4.56) 1120 (29.81)
2010 7−19 Feb; 9.87 6697 (6.85); 5798−7596 3465 (9.96) 3232 (9.19) 5552 (6.94) 456 (44.73)
2011 8−20 Feb; 12.24 21940 (5.16); 19721−24159 14413 (4.96) 7527 (5.92) 19514 (3.63) 1831 (17.06)
2012 11−21 Feb; 9.83 22292 (6.24); 19566−25018 15077 (6.31) 7215 (8.87) 43980 (4.91) 2469 (9.83)
Table 1. Minimum estimates of numbers of Caspian seals Pusa caspica and eagles (mostly Haliaeetus albicilla) on ice in 2005−
2012. Ice coverage is a percentage of ice covered by transects from the entire survey area. Coefficient of variation (CV, in
parentheses) is given for each estimate; 95% confidence intervals (CI) are shown for the estimate of all pups
Fig. 1. North Caspian region showing the study area and transects for 2012
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a second observer. In 2012, during 4 survey days in
Kazakhstan on 14, 15, 20 and 21 February, both GPS-
linked double photographic and visual records were
taken by the 2 observers on each side of the aircraft,
in order to allow estimation of observation error rates.
Data analysis
Estimates of seals and eagles on ice in 2005−2011
Each photograph was inspected for the number of
mother−pup pairs, lone pups, lone adults (not with a
pup) and eagles (natural predators of pups). The total
estimates for the numbers of seals were calculated by
simple extrapolation of total counts from transects
divided by the survey coverage fraction for each
area.
Estimates of seals on Russian ice during years
where it was not possible to fly in Russian territory
(2005, 2006 and 2009) were generated using densi-
ties from the Kazakh survey, and the area of ice suit-
able for breeding seals in the Russian sector. In 2007,
there was no ice in Russian territory. In 2006 and
2009, a small, relatively isolated area of breeding ice
straddled the border, and estimates for the Russian
section were made using the Kazakh density imme-
diately adjacent to the border. For 2005, the breeding
ice was more extensive, and so the Russian estimate
was based on the average density for Kazakhstan.
Measures of uncertainty for all the counts were
based on coefficients of variation (CV) for each cate-
gory of animals generated using a randomised spa-
tial re-sampling procedure as described by Härkö-
nen et al. (2008), with the computer programme TISS
(A. Bignert, Swedish Museum of Natural History,
Stockholm, Sweden).
Estimates of seals and eagles on ice and observation
errors in 2012
Double-observer photographic data collected dur-
ing 4 survey days in 2012 provided the opportunity to
identify individual animals on multiple GPS-located
photographs taken by different observers and
thereby estimate possible error in animal detection
using mark–recapture analysis (Borchers et al. 2002).
In our case this relied on sampling and resampling
individual animals from time- and location-refer-
enced photographs taken by different observers.
The photographs were inspected for the number of
adults, pups and eagles captured by both observers
on each side of the aircraft. Probabilities of detection
of adult seals, pups and eagles were calculated sepa-
rately for each observer by comparing the proportion
of seals detected by individual observers to the num-
ber of seals recorded by both observers (Borchers et
al. 2002); GPS-located photographs from the 1st
observer were compared with matched photographs
from the 2nd observer, and Petersen’s statistics were
calculated. Animal positions in relation to different
ice features (e.g. ice cracks, ice ridges) were addi-
tionally used to identify the same animal groups in
the photographs taken by different cameras. The
Petersen formula was applied at the transect level
(Borchers et al. 2002). Photographic records from sin-
gle photographic observations in Russia on 11 to 13
February 2012 were corrected using probabilities of
detection based on the mark–recapture analysis of
double photographic data collected on 14 to 21 Feb-
ruary 2012 in Kazakhstan by the same observers.
Correction of 2005−2011 survey estimates
We compared 3 types of count data collected from
the starboard side of the aircraft from 14 to 21 Feb -
ruary 2012: data corrected using the Petersen mark–
recapture estimator, ‘uncorrected’ data from single-
photo observations only, and ‘uncorrected’ data com-
piled on the basis of simple comparisons and extrac-
tion of repeated records from the 2 photographic
datasets (the method used in 2005−2011). We tested
how the estimates from 2007 to 2011 would change if
they were based on the counts from photographic
records only, corrected with the probabilities of detec-
tion calculated for the same observers in 2012. Proba-
bility of detection was not known for one of the photo-
observers in 2005− 2006, so we corrected the estimates
of total pups and total adults for these years with the
average ratio between original and corrected esti-
mates in 2007−2012.
Effects of weather conditions on seal visibility and
counts
The total number of adults and pups recorded per
1 km of survey track for each transect in 2005−2012
(specified by longitude) and weather parameters
(wind speed [knots], air temperature [°C] and visibil-
ity [m]) were used to construct a statistical model.
Weather data were derived from 4 stations located
in the North Caspian (46° 25.71’ N, 52° 15.73’ E; 44°
33.40’ N, 50° 15.00’ E; 46° 13.71’ N, 52° 48.54’ E ; and
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46° 26.20’ N, 52° 53.86’ E) for the date and time of
each survey transect flown with a 10 min interval
scale. Weather parameters from the station closest
to the transect flown were then averaged for each
flown transect time. Generalized additive models
(GAM) with negative binomial errors were fitted
using the ‘gam’ function in the mgcv Library of R
(Wood 2006); transect and year were set as random
effect parameters.
Correlation of annual pup production with
 ecological and environmental variables
Although no detailed data are available on prey
availability for Caspian seals, net primary productivity
(npp, the rate of formation of organic biomass from in-
organic compounds via photosynthesis accounting for
respiration) gives an indication of the amount of or-
ganic material available to support marine foodwebs,
and could provide an indirect index of food availability
in the ecosystem. A time series of monthly npp data
(mg C m−2 d−1) for the Caspian Sea was extracted from
a global 9 km2 grid of monthly npp values from obser-
vations by the MODIS satellite system, distributed via
NASA’s Ocean Color Web (http:// oceancolor. gsfc.
nasa. gov/). Since the Caspian is a landlocked sea, npp
values for the Caspian required reprocessing of the
original remote sensing data to remove land filters.
Hence, Caspian npp values may potentially be influ-
enced by atmospheric aerosols and other factors, and
so may not be directly comparable to standard
oceanic npp. However, such potential biases would
not affect the correlation analysis in this study. The re-
processed data were provided by Robert O’Malley,
Oregon State University, Ocean Color Web adminis-
trator. Npp data extraction and analysis were done
 using the R statistical package (R Core Team 2014).
Correlations were tested with Spear -
man’s rank correlation test using an -
nual pup production and the mean
npp for the summer months (May to
October) of the year preceding the
seal surveys, since a female’s nutri-
tional status in the year before pup-
ping is one of the factors which can
determine a successful pregnancy.
The effect of ice conditions was
tested with Spearman’s rank correla-
tion test using annual pup production
and the ice season summary variables:
freezing degree days (FDD); ice sea-
son length (number of days between
first and last ice); mean, maximum and standard
deviation of the fast ice area and the whole ice area
for each period 1 January to 28 February in 2005−
2012. Standard deviations were calculated between
means for 10 d periods. The ice data were derived
from an open archive of the North EurAsia Climate
Centre (NEACC): http:// neacc. meteoinfo. ru/ actuals
and from Alferov et al. (2010).
RESULTS
Study area and survey coverage
Based on the transect length and strip width of
800 m, the total area surveyed along transects from
2005 to 2012 yielded survey fractions ranging from
9.8 to 13.9% of the study area (Table 1). The survey
polygon areas depended on ice coverage in a partic-
ular year and ranged from a minimum of 16 140 km2
in 2007 to a maximum of 33 965 km2 in 2008.
Estimates of minimum seal and eagle numbers on
ice from 2005 to 2012
Minimum estimates of seal pups, mothers (adults
beside a pup), lone adults (without pups) and eagles
on ice from 2005 to 2012 (extrapolated from the sur-
vey area fraction) with confidence intervals are given
in Table 1. The minimum number of all pups for the
whole study area was estimated to range from 6254
in 2008 to 25 086 in 2005; lone pups (without a mother
observed in close attendance) represented betwen 9
and 48% of total pup estimates in different years
(Table 2). Estimates of lone adults (putative breeding
males and non-breeding seals) ranged from 5552 in
2010 to 43 980 in 2012. Observers’ probabilities of
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Year % of lone pups Total adult % of total Ratio of pup:
pups from total estimate mothers from total eagle estimates
pup estimate adult estimate
2005 9 48863 51 8:1
2006 23 31560 62 9:1
2007 40 34393 21 11:1
2008 18 23768 26 5:1
2009 24 53378 37 17:1
2010 48 12249 55 15:1
2011 34 41454 53 12:1
2012 32 66272 34 9:1
Table 2. Comparison of population structure of Caspian seals Pusa caspica
on the ice,2005−2012 and ratio of seal pup to eagle estimates
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detection used for correction of seal counts in 2012
ranged from 0.4 to 0.9 for adults, 0.6 to 0.9 for pairs,
0.3 to 0.9 for lone pups and 0.2 to 0.8 for eagles
(Table 3, Fig. 2). The estimated number of eagles
ranged from 456 (2010) to 3144 (2005) (Table 1). The
eagles were mostly white-tailed sea eagles Haliaee-
tus albicilla, but it was not always possible to deter-
mine individual species from the air.
Correction of 2005−2011 survey data for 
observer bias
The double-observer level of detection was higher
compared to the detection from single observations
for all groups (Table 4, Fig. 3). Comparison of ‘origi-
nal’ estimates with the estimates ‘corrected’ by
detection probability for the same observers in 2012
for both total pups and total adults are presented in
Table 5 and Fig. 4 for each survey year. The ‘cor-
rected’ estimates were higher by approximately 20 to
30% for pups and 10 to 40% for adults in different
years. The average ratio between original and cor-
rected estimates in 2007−2012, which was used to
correct 2005 and 2006 estimates, was 0.74 (standard
deviation [SD] = 0.05) for total pups and 0.78 (SD =
0.08) for total adults (Table 5). The total estimate of
eagles in 2007−2009 and 2011 decreased after cor-
rection, which suggests that eagle detection proba-
bilities for photo-observers were lower in these years
than in 2012 and visual observers detected more
eagles. Therefore we did not apply any correction to
eagle counts for 2005−2009 or 2011.
Effects of weather conditions on seal 
visibility and counts
We found a significant nonlinear effect of wind and
visibility on count results for both adults (wind: χ2 =
34.501, df = 7.52; visibility: χ2 = 49.292, df = 7.08, p <
214
Observer Adults Pairs Lone pups Eagles
pL1 0.51 0.66 0.43 0.24
pL2 0.85 0.86 0.87 0.71
pR1 0.42 0.73 0.58 0.74
pR2 0.51 0.58 0.25 0.82
Table 3. Probabilities of detection (p) of Caspian seal adults,
pairs, lone pups and eagles for each observer in 2012. pL1
and pL2: on the port side; pR1 and pR2: on the starboard side
of the aircraft; 1 and 2: the front and rear seat positions in the 
aircraft, respectively
Lone adults Pairs Pups Eagles
Uncorrected data from single-photo observations (average) from the starboard side 59 58 20 18
of the aircraft (14−21 Feb)
Uncorrected data from double-photo observations from the starboard side of the 90 78 33 22
aircraft (14−21 Feb)
Petersen estimate for the starboard data (14−21 Feb) 126 88 48 23
Detection from double-photo observations 0.72 0.88 0.69 0.95
Detection from single-photo observations 0.47 0.65 0.42 0.78
Uncorrected data from photo- and visual observations (11−12 Feb) 1280 622 341 103
Corrected by probability of detection photo-data (11−12 Feb) 2140 777 449 123
Detection from photo- and visual observations 0.60 0.80 0.76 0.84
Table 4. Uncorrected and corrected (by Petersen estimator) 2012 data (counts) from single photographic ob servations, double
photographic observations, and photo- and visual observations for specified dates. Detection was calculated as a ratio of 
uncorrected data:corrected data by Petersen estimator
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Fig. 2. Probability of detection of eagles and Caspian seals
(lone adults, pairs, pubs) for 4 photo-observers. Whiskers in-
dicate minimum and maximum values; mean values are
given inside the boxes
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0.001) and pups (wind: χ2 = 25.967, df = 6.79, p <
0.001; visibility: χ2 = 31.262, df = 6.73, p < 0.001), al-
though these explained a relatively small proportion
of the total variation: r2 = 0.19, with a deviance of 31.1
and 28.3%, for adults and pups, respectively (Fig. 5).
The GAM indicates a slight decrease in seals counted
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Year Total pups Total pups Ratio of original: Total adults Total adults Ratio of original:
original corrected corrected original corrected corrected
2005 25086 34045 0.74 48863 62924 0.78
2006 19437 26378 0.74 31560 40642 0.78
2007 7147 9371 0.76 34393 40166 0.86
2008 6254 9107 0.69 23768 31764 0.75
2009 19501 27226 0.72 53378 67484 0.79
2010 6697 8236 0.81 12249 14536 0.84
2011 21940 31022 0.71 41454 52688 0.79
2012 16389 22292 0.74 42036 66272 0.63
Mean 0.74 0.78
SD 0.05 0.08
Table 5. Pusa caspica. Comparison of uncorrected (‘original’) estimates of total pups and total adults in 2005−2012 and their
‘corrected’ estimates. Corrected estimates for 2007−2011 are based on the counts corrected with the probabilities of detection
calculated for the same observers in 2012. The difference between ‘original’ and ‘corrected’ estimates was calculated as a ratio
of uncorrected estimate:corrected estimate. Mean values and their standard deviations (SD) are also shown and were used for
correction of the estimates of total pups and total adults for 2005 and 2006
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Fig. 3. Comparison of ‘uncorrected’ 2012 data (counts) com-
piled from single-photo observations, photo- and visual ob-
servations and double-photo observations with the data
 corrected by the Petersen mark–recapture estimator (shown
by a dashed line at the detection rate of 1.0) for Caspian
seals (lone adults, pairs, pups) and eagles in 2012. Detection
was calculated as a ratio of uncorrected data:corrected data 
(values at the top of columns)
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Fig. 4. Comparison of ‘uncorrected’ (original) estimates of (a)
total pups and (b) total adults in 2005 to 2011 and their ‘cor-
rected’ estimates based on the counts corrected with the
probabilities of detection calculated for the same observers
in 2012. The difference between ‘original’ and ‘corrected’
estimates was calculated as a ratio of uncorrected esti -
mate:corrected estimate. Error bars are 95% confidence 
intervals derived from coefficients of variation
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when wind speed was >15 knots and an increase
when visibility was >30 000 m (Fig. 5). Post hoc, pair-
wise comparison t-tests with Bonferroni adjusted p-
values revealed the wind speed in 2010 was higher
than that in all other years (p < 0.05) except 2006 (p =
0.2107). This suggests that counts in 2010 may have
been negatively biased due to higher wind speeds.
Comparison of estimates between 2005 and 2012
Five fluctuations in pup production of about 65 to
70% from 2005 to 2006 estimates have been ob -
served since 2005: a decline in 2007, an increase in
2009, a decline in 2010 and an increase in 2011, fol-
lowed by a decrease in 2012 (Fig. 4). The total pup
estimate from the last aerial survey made in 2012,
was ~22 000 pups, which was comparable with 2006
and 2009 estimates (Fig. 4a). The total estimate of
adults on the ice in 2012 increased to ~66 000, and
was not significantly different from the estimates for
2005 and 2009 (Fig. 4b, Tables 6 & 7). The decreases
in 2007, 2008 and 2010 should be treated with cau-
tion due to the late completion dates in 2007 and
2008 and high wind speeds in 2010. Results of Spear-
man’s rank correlation test indicate that there was no
significant association between annual pup produc-
tion and summer npp or ice variables (p > 0.05) for all
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Fig. 5. Smoothing curves and numerical output for wind speed and visibility obtained by additive modelling of Caspian seal
adult and pup counts, based on data for all years. The dashed lines are 95% confidence bands. The vertical axes represent the
contribution of wind speed and visibility to the fitted seal counts. χ2 values, degrees of freedom and p-values of wind and visi-
bility for adult and pup counts are shown below each graph. (a) Wind speed for adult counts, (b) wind speed for pup counts, 
(c) visibility for adult counts and (d) visibility for pup counts. The dashes on the x-axes represent data values
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years (Table 8; Fig. S1 in the Supplement at www. int-
res. com/ articles/ suppl/ n028 p209_ supp. pdf). Exclud-
ing 2007−2008 and 2010 increased the apparent
strength of correlations (with rho values of up to 0.9)
for most parameters, indicating potential negative
correlations between pup production and ice param-
eters, and a positive association with npp, but none of
these trends were significant. A multiple regression
including mean ice area and npp (excluding 2007−
2008 and 2010) also indicated negative correlations
between pup production and ice area, and a positive
association with npp, with an adjusted R2 of 0.94
(Table S1 in the Supplement at www. int-res. com/
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Year Ice coverage Total pups (CV); Mother−pup Lone pups Lone adults Eagles
(%) 95% CI pairs (CV) (CV) (CV) (CV)
2005 10.18 34045 (4.15); 31275−36814 30981 (3.69) 3064 (15.83) 28879 (3.93) 3144 (13.61)
2006 10.03 26378 (7.04); 22739−30018 20311 (9.78) 6067 (9.22) 14263 (8.64) 2073 (18.19)
2007 12.14 9.371 (6.27); 8219−10523 5102 (7.87) 4269 (8.79) 30795 (5.00) 680 (33.56)
2008 13.88 9107 (5.14); 8190−10025 6932 (6.16) 2175 (12.83) 22656 (4.57) 1268 (12.93)
2009 10.36 27226 (8.16); 22872−31581 16769 (7.37) 10457 (11.23) 40258 (4.56) 1120 (29.81)
2010 9.87 8236 (6.85); 7130−9342 4029 (9.96) 4207 (9.19) 6300 (6.94) 544 (44.73)
2011 12.24 31022 (5.16); 27885−34160 17550 (4.96) 13472 (5.92) 21666 (3.63) 1831 (17.06)
2012 9.83 22292 (6.24); 19566−25018 15077 (6.31) 7215 (8.87) 43980 (4.91) 2469 (9.63)
Table 6. Minimum estimates for the years 2005−2012 corrected by the probability of detection. Ice coverage is a percentage of
ice covered by transects from the entire survey area. Coefficient of variation (CV, in parentheses) is given for each estimate; 
95% confidence intervals (CI) are shown for the estimate of all pups
Year Lone pups/ Total adult Lone adults/ Pups:
total pups (%) estimate total adults (%) Eagles
2005 9 62924 46 8:1
2006 23 40642 35 9:1
2007 46 40166 77 11:1
2008 24 31764 71 5:1
2009 38 67484 60 17:1
2010 51 14536 43 15:1
2011 43 52688 41 12:1
2012 32 66272 66 9:1
Table 7. Population structure of Caspian seals Pusa caspica on
the ice, 2005− 2012 and ratio of seal pup to eagle estimates.
The estimates were corrected by probabilities of detection
No. of ind. FDD No. of Total ice cover (×1000 km2) Fast ice cover (×1000 km2) npp summer
(2005–2012) ice days Mean Max. SD Mean Max. SD (2004−2011)
34045 419 120 52 75 18.55 14.17 25 8.61 3424.2
26378 635 116 78.83 95 11.39 42.17 60 14.22 3609.0
9371 199 121 31 77 24.48 6.33 35 14.09 3611.4
9107 806 125 79.67 87 6.89 29.83 63 16.55 3512.3
27226 537 109 67.17 77 10.26 22.17 35 11.48 3450.7
8236 660 114 70.33 83 12.14 22 40 13.56 4200.9
31022 639 121 56.83 73 18.95 15.83 35 13.2 3357.8
22292 941 171 73 92 20.73 23.67 45 15.06 2960.9
All years
Spearman’s rho −0.428 −0.144 −0.428 −0.539 0.119 −0.238 −0.634 −0.666 −0.642
p-value 0.299 0.734 0.299 0.168 0.793 0.582 0.091 0.083 0.096
Excluding 2007−2008, 2010
Spearman’s rho −0.7 −0.2 −0.9 −0.8 −0.2 −0.9 −0.872 −0.9 0.1
p-value 0.233 0.783 0.0833 0.1333 0.783 0.0833 0.053 0.083 0.95
Table 8. Results of Spearman’s correlation rank test between annual pup production and ice parameters (2005−2012) and sum-
mer net primary productivity (npp). FDD: freezing degree days; no. of ice days: number of days with ice; all ice cover:
mean/maximum/standard deviation of whole ice coverage area for the period 1 January to 28 Feburary; fast ice cover:
mean/maximum/standard deviation of fast ice area for the period 1 January to 28 February. SD was calculated from means
of 10 d periods (1 January to 28 February); npp values (mg C m–2 d–1) are for summer months (May to October) in the year 
preceding the survey. The significance threshold was set at 0.05
Endang Species Res 28: 209–223, 2015
articles/ suppl/ n028 p209_ supp. pdf). The overall model
was indicated as significant at the 0.05 level, though
with the current sample size p-values cannot be esti-
mated reliably.
DISCUSSION
Data accuracy and observation error
Visibility bias can cause underestimation of popu-
lation density for any survey methodology or technol-
ogy, and it is important to calculate it and adjust esti-
mates accordingly (Pollock & Kendall 1987, Marsh &
Sinclair 1989). The main assumption of strip-transect
analysis that all animals within a transect are
detected was not met in our study. Although a survey
altitude of 90 m was expected to give adequate reso-
lution of seals on the ice for both visual observation
and photography (Härkönen et al. 2008), there was
still bias in detection of all classes of individuals
revealed using the mark–recapture analysis from
double-observer photographic data collected in
2012.
When using mark–recapture estimators it is impor-
tant to address observation heterogeneity in the sur-
veyed population, and a large number of modelling
approaches exist to account for sources of bias and
error (Borchers et al. 2002). This may involve fitting a
detection function with survey parameters (e.g.
speed, altitude, observer identity, distance from
observer) and meteorological conditions at the point
of observation as covariates. In our case, survey
parameters (aircraft speed and altitude) were fixed,
the observers did not change, distances within the
surveyed strip were not stratified, and the weather
parameters were only available for the nearest
weather station to a transect, rather than the point of
observation. The age class of animals (pups or adults)
and the pup category (lone pups or pups with moth-
ers) were the variables causing heterogeneity in our
population, which we have addressed by animal-
level stratification, with capture functions estimating
abundance of seals of each class separately. With this
scenario no model application was necessary (Bor -
chers et al. 2002), and we opted to use the Petersen
approach, since other potential sources of variation
were either fixed (survey parameters) or data were
not available (weather at point of observation). Dis-
turbance from the survey aircraft could have been
another source of error by potentially causing some
animals to move into the water before being ob -
served. However, the speed and altitude of the sur-
vey meant that by the time any animal did react the
aircraft was passing overhead, and the animals on
neighbouring transect lines would not be affected.
Therefore, ‘unobservable’ animals caused by distur-
bance were likely to be minimal.
Uncorrected count results were closer to their cor-
rected estimates for eagles and mother−pup pairs
than for lone adults and lone pups due to a higher
probability of detection for the former categories (see
Table 4, Fig. 3). Eagles are likely to be easier to
detect because of their conspicuous shape and
because they often launch into the air as the aircraft
passes. High density aggregations of mother−pup
pairs and the presence of blood in the pupping areas
can also facilitate their detection on ice. Double-
observer photographic data collection increased the
level of detection compared to single observations for
all groups. Usage of ‘double-photo’ collection instead
of ‘single-photo plus visual observations’ not only
improved detection but also made it possible to cor-
rect data by the Petersen mark–recapture estimator.
However, some animals close to the track line or at
the edge of the survey strip, lone pups and seals dis-
tantly separated from the breeding colonies might
not have been detected by both observers.
Fixed strip-transect sampling is still considered to
be a practical approach when animals occur at high
densities (e.g. ice-breeding seal colonies) due to
the difficulty of using distance sampling, i.e. ac -
curately measuring distances or assigning animals
to distance classes at speeds travelled by survey
aircraft (Buckland et al. 2001). In this case, the
number of animals is recorded from visual or in -
strumental observations, e.g. photography and in -
frared imagery in walruses (Burn et al. 2006,
Speckman et al. 2011) and harp seals (Chernook &
Boltnev 2008, Oigard et al. 2014). Using infrared
imaging in combination with photo graphy (e.g.
Burn et al. 2006, Chernook & Boltnev 2008) may
avoid some aspects of detection bias associated
with the visibility of seals on ice and, therefore,
may improve precision, but cannot eliminate obser-
vation error completely. However, the logistical and
financial constraints of getting a suitably equipped
aircraft into Kazakhstan have, to date, made the
use of infrared imaging instrumental surveys impos-
sible. Therefore, we consider double-observer pho-
tographic data collection the best option available
at this time and recommend its use for future
Caspian seal population surveys until appropriately
equipped aircraft are available for instrumental re -
cording surveys. Double-observer photographic sur-
veys may also be most appropriate for surveys of
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other ice-breeding seal species, such as Ladoga
ringed seals and possibly Baikal seals.
The probabilities of detection we determined were
within the range of those estimated from similar pop-
ulation studies of other species (e.g. Buckland et al.
2001). Detection probability estimates varied from
0.2 to 0.9, and can be affected by many factors
including distance from the observation platform,
observers’ experience, tiredness, weather conditions,
etc. (Pollock et al. 2006, Southwell et al. 2008). In ani-
mal surveys the detectability decreases with increas-
ing distance (Burnham et al. 1985, Buckland et al.
2001). Therefore, modelling a detection function in
relation to the distance from the aircraft based on
image analysis would improve our estimates. How-
ever, animals which are hard for one observer to see
are also likely hard for another to see (e.g. pups
behind and under ice ridges) and can result in nega-
tive biases for estimates. Such problems will apply to
all survey methodologies, including infra-red/
thermal instrumentation. However, they can be min-
imised by choosing favourable weather conditions
for aerial surveys (i.e. with good visibility) and avoid-
ing days with strong winds that may cause pups to
shelter behind ice ridges and adults to enter the
water.
Potential effect of weather conditions on count
results
We found significant nonlinear effects of wind and
visibility on count results for both adults and pups.
Although the model cannot be used for prediction/
data correction because it does not take into account
other environmental factors that may affect recorded
seal numbers (e.g. ice parameters, depth, distance
from shore), it suggests that very high visibility
increases the probability of detection. Strong winds
may affect both the presence of adult seals on ice and
the probability of detection of pups, since adults,
which may act as markers for the presence of pups,
take refuge in the water under such conditions.
Moreover, pups may not only be harder to detect
without adults present (minimum probability of
detection for lone pups in 2012 was as low as 0.3), but
they may also shelter from wind under overhanging
ice ridges and, therefore, be hidden from the
observer. This behaviour presents problems for all
survey technologies. Wind speed during the 2010
aerial survey was significantly higher than it was in
at least 6 other survey years. This may account for the
highest recorded proportion of lone pups (48%) and
the low estimates of pups and adults on the ice in
2010. Although high visibility demonstrated a certain
positive effect on count results, no negative effect of
low visibility was observed. This may be related to
the fact that survey flights were not carried out in
low-visibility conditions. Visibility levels can also be
very patchy in the Caspian (e.g. local fog), and the
stations where measurements were made were not
necessarily close to the transects.
Behavioural data from satellite-tagged seals during
the pupping period could be used in the future to cre-
ate a model that can predict the proportion of adult
seals hauled out under various meteorological condi-
tions. Applying this model to the count data could
further refine population estimates by accounting for
the influence of meteorological conditions for each
survey flight. All surveys of ice-breeding seals,
regardless of technology, should account for poten-
tial biases arising from weather and ice conditions.
Variation among the years 2005 to 2012
After bias correction, minimum pup production
estimates from 2005 to 2012 increased by 20 to 30%
as compared with the ‘original’ estimates (Table 5,
Fig. 4a). However, correcting estimates did not affect
the pattern of annual variation in pup production ob -
served during 2005−2012, revealing 5 inter-year fluc-
tuations between consecutive years. This variation is
likely to arise through a combination of biological
factors and measurement errors stemming from
observer bias, variation in survey timing, weather
and other environmental factors among years.
Such inter-year fluctuations are unlikely to be
related to mortality in breeding age classes, since the
significant increases observed in 2009 and 2011 were
not caused by recruitment in the population. It is
more likely that a proportion of females did not par-
ticipate in breeding in some years with low pup pro-
duction. There are no recent data on fertility rates of
Caspian seals, although early Soviet publications
reported that 30 to 60% of adult females did not par-
ticipate in breeding in various years (Badamshin
1966, Vorozhcov et al. 1972). Fertility can be reduced
by organochlorine pollutants, which accumulate in a
seal’s body with age and, therefore, can lead to lower
recruitment and an ageing population (Hall et al.
1999, Kajiwara et al. 2008). However, any change in
the contaminant level in the population of adult
females would be gradual and not cause extreme
variation among years. Moreover, the most recent
contaminant data available collected during the
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2000−2001 canine distemper virus (CDV) outbreak
suggest contaminant concentrations are below the
threshold for large impacts on fertility (Helle et al.
1976, Wilson et al. 2014).
The potential changes in reproductive rate could
reflect local environmental factors such as availabil-
ity/quality of food. Boyd (1991, 2000) suggested that
completion of pregnancy in pinnipeds is sensitive to
female body reserves which are accumulated contin-
uously during the pregnancy. Females may make a
‘decision’ to proceed with the pregnancy at implanta-
tion, which follows 3 months after mating, and this
period might be the time when environmental factors
such as food resources and weather conditions are
the most important. Similar annual pup production
fluctuations have been registered in the Barents Sea
harp seal population, where sudden declines have
been observed following collapses in Barents Sea
capelin stocks (Haug & Nilssen 1995, Chernook &
Boltnev 2008). Invasive species (such as Mnemiopsis
leidyi) have had a serious impact on the Caspian eco-
system (Schaber et al. 2011). Sprat (‘kilka’) — one of
the most important species in Caspian seal diet — is
thought to have declined due to the impact of Mne-
miopsis on zooplankton (Huraskin & Zakharova 2001)
and kilka overharvesting in 2001−2004 (Daskalov &
Mamedov 2007). Here we used npp as a potential
proxy for food availability. Although no significant
association between annual pup production and
summer npp was detected, the pattern observed for
the 5 years without potentially confounding weather
effects during surveys is consistent with such predic-
tions. Exploring such associations further would be
warranted if the time series is extended. Therefore,
at this time, we cannot discount an influence of food
availability on pup production.
No significant correlation was found between
annual pup production and any ice parameter, but
there were negative associations between pup esti-
mates and most ice parameters. Although 2007 (when
a significant drop in pup estimate was observed) had
poor ice coverage and duration, 2008 and 2010, also
with low pup numbers, had normal ice conditions.
Mild winters could increase pup mortality, since
early loss of the ice breeding platform before wean-
ing would be fatal for Caspian seal pups. Pups avoid
going to the water until they moult, and nursing pups
forced into the water before the end of lactation are
unlikely to survive. A large proportion of pups in
2007 may have died due to unstable ice floes being
swept out to sea in storms prior to the relatively late
start of the survey on 24 February, and because
of easy access for predators to the pupping ice,
which was limited to a strip along the north-eastern
Caspian coastline that year. The observed increase in
adults on the ice in 2012 could be a result of exten-
sive ice coverage in 2012, which may have provided
more haul-out habitats for seals in their feeding
areas, reducing foraging trip duration and therefore
time spent in the water.
Due to the extended pupping period of Caspian
seals, some unknown portion of pup production may
be missed during surveys, e.g. pups which are born
and moulted before the survey or pups that are born
after the survey. Thus, in the 2007 survey (24 to 27
February), 57% of all pups and 81% of lone pups
recorded on the photographs had started to moult or
had fully moulted. Although surveys were planned to
be conducted in the peak period of pupping, it was
not always possible to carry them out simultaneously,
due to logistical or weather constraints; this may
have affected the compatibility of results between
years. In 2005 to 2007 survey flights did not start
before the third week of February, while in 2009 to
2012 the sur veys had already been completed by that
time. In 2008, due to foggy conditions, the survey
could not be completed until the beginning of March,
when most pups may have already moulted. Some
ice movements may have also occurred during that
prolonged period of survey, which could have
affected the results by moving seals in or out of areas
still to be surveyed.
Ideally, the temporal distribution of births should
also be estimated in the future to control for the vari-
ability in timing and the length of the pupping period
(Stenson et al. 2003). The required data on the num-
ber and age of pups could be collected from addi-
tional reconnaissance flights carried out from the
beginning of January, when the first pups are born,
and throughout the pupping period until early March
(Badamshin 1961). Data collected during annual ice-
breaker surveys could also contribute to this analysis
(Wilson et al. 2008). The method of extrapolating seal
numbers to uncovered areas might also affect total
estimates. For example in 2012 we applied high den-
sities of adult seals from adjacent transects in the
west to the uncovered area of the Russian border.
Although these areas form a minor portion of the
total breeding surface, they could still cause bias if
the density of seals were not the same in the unsur-
veyed area. Density surface modelling could be
applied to uncovered areas, as it does not require
equal coverage probability and can be used as a
good alternative to design-based extrapolation
approaches (e.g. Cañadas & Hammond 2006, Herr et
al. 2009).
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CONCLUSIONS
The presently available estimates of pup produc-
tion are likely to be below the true level, due to the
extended pupping period of Caspian seals and detec-
tion biases. The temporal distribution of births should
be measured in the future in order to contribute to
pup production estimates. Counts from survey peri-
ods with extreme weather conditions, such as those
in 2010, should also be treated with caution. Despite
the limitations discussed here, photography-sup-
ported observations present benefits in terms of cost
and ease of application, and, providing limitations
are accounted for, can be used for measurement of
relative abundance and trends in Caspian and other
ice breeding seal populations. Nevertheless, at least
1 instrumental aerial survey using thermal imaging
equipment should be conducted for the whole popu-
lation in both Russia and Kazakhstan. This would
enable a comparison of the double-observer photo-
graphic method with the instrumental data, in order
to calibrate the results from the former method,
which may be more practical for regular surveying in
the Caspian and, potentially, elsewhere.
The differences in pup production among years are
a cause for concern that underlying biological drivers
may influence the fecundity of the population and
that the population may be sensitive to future climate
and environmental change. Such biological drivers
could be related to food availability, invasive species,
or other broad changes to the Caspian ecosystem.
However, identification of the causes remains largely
intractable at this time, due to the absence of sup-
porting ecological and environmental data of suffi-
cient resolution (e.g. data on seal diet and food avail-
ability), and the still relatively short time series of
surveys. It is important to differentiate between local,
short-term factors (e.g. ice coverage, weather, food
accessibility) and large-scale, long-term parameters
(e.g. mortality, changes in the food-web trophic
structure, pollution, climate change) affecting annual
pup production. Caspian seal aerial surveys should
be continued in future years in order to capture long-
term trends in the population and factors that may
affect pup production, and to guide conservation
management decisions.
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